The origin of the insulating ground state in 5d transition metal oxide CaIrO 3 has been believed to be related to electron correlations, therefore being represented as a Mott-type insulator. Based on a systematic density functional theory (DFT) study with local, semilocal, and hybrid exchange-correlation functionals, we reveal that the Ir t 2g states exhibit large splittings and one-dimensional electronic states along the c axis due to a tetragonal crystal field. Our hybrid DFT calculation correcting the self-interaction error inherent to local and semilocal DFT calculations adequately describes the antiferromagnetic (AFM) order along the c direction via a superexchange interaction between Ir 4+ spins. Furthermore, the spin-orbit coupling (SOC) hybridizes the t 2g states to open an insulating gap. It is thus demonstrated for the first time that CaIrO 3 can be represented as a spin-orbit Slater insulator, driven by the interplay between an itinerant AFM order and the SOC. PACS numbers: 71.20.Be, 71.70.Ej, 75.10.Lp, 71.15.Mb One of the most important phenomena in condensed matter physics is the so-called Mott transition driven by electronelectron correlations [1, 2] . In 3d transition-metal oxides (TMOs), the localized 3d orbitals are responsible for the strong on-site Coulomb repulsion (U), leading to a MottHubbard insulator where U splits a half-filled band into lower and upper Hubbard bands. Surprisingly, despite the anticipation of weaker U in 5d TMOs due to the very delocalized 5d orbitals, a series of Ir oxides such as Sr 2 IrO 4 [3] [4] [5] [6] [7] , Na 2 IrO 3 [8] [9] [10] , and CaIrO 3 [11] [12] [13] [14] [15] including Ir 4+ ions with five valence electrons exhibit an insulating ground state. For the origin of such a unusual insulating behavior of the 5d iridates, it was proposed that spin-orbit coupling (SOC) splits the Ir t 2g states into completely filled j eff = 3/2 bands and a narrow half-filled j eff = 1/2 band at the Fermi level, and the latter band is further split into two Hubbard subbands by moderate Coulomb repulsion [3] [4] [5] . Such a j eff = 1/2 Mott-Hubbard scenario has, however, been challenged by an alternative scenario of Slater mechanism [16] based on the single-particle band picture, where the opening of insulating gap in 5d TMOs is driven by a long-range magnetic ordering [6, 7, 17, 18 ].
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Here we focus on the post-perovskite CaIrO 3 with a highly anisotropic geometry where IrO 6 octahedra share corners along the c axis and have common edges along the a axis (see Fig. 1 ). Recently, the nature of the ground state in CaIrO 3 has been an object of hot debate [11] [12] [13] [14] [15] . On the basis of resonant x-ray magnetic scattering (RMXS) experiment, Ohgushi et al. [12] claimed the robustness of the j eff = 1/2 ground state against structural distortions. However, a resonant inelastic x-ray scattering (RIXS) experiment of Sala et al. [13] concluded that CaIrO 3 would not be a j eff = 1/2 iridate by showing that the j eff = 1/2 state is severely altered by a large tetragonal crystal field splitting. Despite such a severe departure from the j eff = 1/2 ground state, they still preserved the Mott-Hubbard scenario by adopting U to open an insulating gap. On the theoretical side, using density-functional theory (DFT) calculations within the local density approximation including SOC, Subedi [14] interpreted the t 2g states in terms of the j eff = 1/2 and j eff = 3/2 states, and further showed that the introduction of U splits the j eff = 1/2 bands into fully occupied lower and unoccupied upper Hubbard bands, thereby supporting the Mott-Hubbard scenario. Contrasting with the j eff = 1/2 ground state generated by hybridizing the three d xy , d yz , and d zx orbitals with an equal weight of 1/3 [12, 14] , ab intio wave-function quantum chemical calculation [15] for an embedded cluster model predicted the highly uneven admixture of xy, yz, and zx characters for the relativistic t 2g states because of the unusually large splittings of t 2g states. Therefore, previous experimental and theoretical studies of CaIrO 3 have not reached a consensus on the presence of the j eff = 1/2 ground state, but agreed that the treatment of U is required to open an insulating gap, leading to a conclusion that CaIrO 3 belongs to a Mott-Hubbard insulator. Despite such a contradiction for the nature of the ground state, it is well established [12] [13] [14] [15] that the insulating ground state of CaIrO 3 exhibits the stripetype magnetic order with a strong antiferromagnetic (AFM) coupling along the c axis and a weak ferromagnetic one along the a axis (hereafter designated as the AFM structure).
In this Letter, we investigate the nature of the ground state in CaIrO 3 by using comprehensive DFT calculations with local, semilocal, and hybrid exchange-correlation functionals. We find that the t 2g states are significantly split by a compression of IrO 6 octahedra along the c axis and particularly two t 2g states (designated as t S1 2g and t S2 2g ) have dominant d yz and d zx characters with large band dispersions, indicating onedimensional (1D) electronic states along the c axis. Compared to the local and semilocal DFT calculations that tend to overestimate delocalization due to their inherent self-interaction error (SIE), the hybrid DFT calculation adequately describes the delocalized t S1 2g and t S2 2g states to stabilize the AFM order along the c axis via a superexchange interaction between Ir 4+ spins. Furthermore, the SOC is found to hybridize the t S1 2g and t S2 2g states with other t 2g states to open an insulating gap. It is thus elucidated that the gap formation in CaIrO 3 is driven by the interplay between an itinerant, long-range AFM order and the SOC, representing a spin-orbit Slater insulator.
Typeset by REVT E X Table I . The reference frame xyz is drawn in an IrO 6 octahedron.
The present local (LDA), semilocal (GGA), and hybrid DFT calculations were performed using the Vienna ab initio simulation package (VASP) with the projector augmented wave method [19, 20] . For the exchange-correlation energy, we employed the LDA functional of Ceperley-Alder (CA) [21] , the GGA functional of Perdew-Burke-Ernzerhof (PBE) [22] , and the hybrid functional of Heyd-ScuseriaErnzerhof (HSE) [23, 24] . Since the HSE+SOC calculation with a mixing factor of α = 0.08 (in the HSE functional) controlling the amount of exact Fock exchange energy predicts well the observed insulating gap of 0.34 eV [11] , we used this optimal α value for the HSE and HSE+SOC calculations. We employed the primitive unit cell in the Cmcm structure (see Fig. 1 ), with the experimental lattice constants a = 3.145, b = 9.855, and c = 7.293Å [25] . The k-space integration was done with the 9×5×5 uniform meshes in the Brillouin zone. All atoms were allowed to relax along the calculated forces until all the residual force components were less than 0.01 eV/Å.
We first study the ground state of CaIrO 3 using the LDA, GGA, and hybrid DFT calculations without SOC. Interestingly, the different ground states are predicted depending on the employed exchange-correlation functionals: i.e., the CA functional predicts the nonmagnetic (NM) ground state, while the PBE and HSE functionals favor the AFM structure over the NM structure by ∆E NM−AFM = 21.1 and 85.8 meV per primitive unit cell, respectively. The calculated structural parameters such as the Ir-O bond lengths (d 1 and d 2 in Fig. 1 ) and the tilt angle (θ t in Fig. 1 ) about the c axis are given in Table I. These structural parameters change little depending on the employed exchange-correlation functionals. Our values of d 1 /d 2 ≈ 0.96 and θ t ≈ 23 • indicate that the IrO 6 octahedra are compressed along the c axis with a large tilt, in good agreement with an XRD analysis [26] and a previous LDA calculation [14] (see Table I ). Figure 2(a) shows the LDA band structure of the NM structure together with d-orbitals projected bands and the charge characters of the t 2g states. There are six t 2g bands originating from two different Ir atoms within the primitive unit cell, which are grouped into two doublets (t D1 2g and t D2 2g ) and two singlets (t S1 2g and t S2 2g ). We find the presence of partially occupied t 2g states crossing the Fermi level (E F ), indicating a metallic feature. It is also seen in Fig. 2(a) can be attributed to a tetragonal crystal field due to the compressed IrO 6 octahedra along the c axis. In addition, the t S1 2g and t S2 2g states also have dominant d yz and d zx characters with a large band width of ∼2.5 eV, indicating 1D electronic states along the c axis. As shown in the inset in Fig. 2(a) , the charge character of t S1
2g Figure 2(b) and 2(c) show the band structures of the AFM structure obtained using the PBE and HSE functionals, respectively. It is seen that the overall band dispersion of the AFM structure is similar to that [ Fig. 2(a) ] of the NM structure. However, there are two conspicuous changes in the AFM band structure: i.e., one is a gap opening E S1−S2 g of the t S1 2g and t S2 2g singlets at the T point and the other is some separation of the two bands in the t D1 2g doublet. We obtain E S1−S2 g = 0.23 eV [see Fig. 2(b) ] and 0.67 eV [ Fig. 2(c) ] from PBE and HSE, respectively. To understand the microscopic mechanism for these changes in the AFM band structure, we plot the spinpolarized d-orbitals projected bands (see Fig. 4S of the Supplemental Material [27] ). We find that the t S1 2g and t S2 2g states (or the two states in t D1 2g ) with the same spin direction, localized at two different Ir sites, hybridize with each other, yielding not only an energy gain from the exchange kinetic energy but also Here, the radii of circle and semicircles are proportional to the weights of corresponding orbitals. In (a), the charge characters of t S1 2g and t D2 2g states at the T point are shown with an isosurface of 0.02 e/Å 3 .
the formation of E S1−S2 g (or their separation) [28] . This socalled superexchange interaction [29, 30] [12] that the j eff = 1/2 state stabilizes the AFM order. In Table II , we list the calculated magnetic moments of Ir and O atoms in the AFM structure. Our HSE calculation gives m = 0.48 (0.07) µ B for Ir (O 1 ) atoms, larger than m = 0.27 (0.05) µ B computed using PBE. We note that the LDA and GGA tend to stabilize artificially delocalized electronic states due to their inherent SIE because delocalization reduces the spurious self-repulsion of electrons [31, 32] . In this regard, our LDA and GGA calculations are likely to overestimate the delocalized characters of the t S1 2g and t S2 2g states. This aspect may account for why our LDA calculation predicts a metallic NM ground state and our PBE values of ∆E NM−AFM and m are relatively smaller than the corresponding HSE ones (see Table II ).
Next, we examine the effect of SOC on the geometry and band structure of the AFM structure using the PBE+SOC and HSE+SOC calculations. As shown in Table I , the inclusion of SOC changes little d 1 /d 2 and θ t by less that 0.01 and 1 • , respectively. Figures 3(a) and 3(b) show the PBE+SOC and HSE+SOC band structures of the AFM structure, respectively. Compared to the PBE [ Fig. 2(b) ] and HSE [ Fig. 2(c) 2g and t S2 2g states, but gives rise to their strong hybridizations leading to well-separated t 2g bands with hybridization gaps. This result doesn't support the j eff = 1/2 ground-state picture proposed by RMXS experiment [12] , where SOC can dramatically affect the t 2g states to produce the j eff = 1/2 state by equally mixing up the d xy , d yz , and d zx orbitals. Instead, the present large splitting of t 2g states as well as the almost equal, dominant components of d yz and d zx in the t 2g states near E F [see Fig. 3(b) ] are consistent with the interpretation of RIXS experiment [13] that the ground-state wave function has a dominant character of (|yz, ± > ∓i|zx, ± >)/ √ 2 due to a large tetragonal crystal field. As a consequence of the SOCinduced hybridization, PBE+SOC still does not open an insulating gap [ Fig. 3(a) ], but HSE+SOC opens E g = 0.32 eV [ Fig.  3(b) ], close to the experimental data of ∼0.34 eV [11] . It is noteworthy that, unlike the PBE+SOC case, the gap opening in HSE+SOC can be realized by the strong interplay between a long-range AFM order and the SOC: i.e., the enhanced separation of the t S1 2g and t D1 2g bands in the AFM structure [see Fig. 2(c) ] and the SOC-induced hybridization are combined to yield the opening of an insulating gap. Thus, we can say that the single-particle band theory within the HSE+SOC scheme predicts well the magnetic-insulating ground state of CaIrO 3 , being represented as a spin-orbit Slater insulator.
In Fig. 3(c) , we display the magnetic moments of Ir and O atoms obtained using the HSE+SOC calculation. It is found that Ir, O 1 , and O 2 atoms within the unit cell have the three components of m as (m a , m b , m c ) = (0.00, −0.07, ±0.45), (0.00, −0.01, ±0.05), and (0.00, −0.01, 0.00) in units of µ B , respectively, showing an antiparallel alignment of magnetic moments along the c axis. Here, the Ir magnetic moments are canted along the b axis with ∼9 • , comparable with those (2∼4
• ) reported from RMXS [12] and RIXS [13] experiments. For O 1 and O 2 atoms, we obtain slightly induced magnetic moments due to some hybridization between the t 2g states and the O 2p orbitals (see Fig. 5S in the Supplemental Material [27] ). We note that, when compared to the HSE result, the inclusion of SOC reduces the magnitude of m by ∼5% (see Table II ).
For intra-t 2g excitations, the measured RIXS spectra [13] were fitted to three Pearson functions in the energy range between 0.3 and 1.6 eV below the conduction band edge: i.e., a weak, energy-resolution limited peak (A) with an excitation energy of ∼0.42 eV and two intense broad features (B and C) centered at 0.65 and 1.22 eV. In order to compare these RIXS excitations with our calculated t 2g bands, we plot the density of states (DOS) obtained using HSE+SOC in Fig. 3(b) . We find that the calculated DOS exhibits two well-separated energy regions below E F : i.e., the region I from E F to −0.8 eV and the region II from −0.8 to −1.3 eV [33] . We estimate the center of each region as ε I = −0.45 eV and ε II = −1.13 eV by using a relation of ε = DOS(E)×E dE / DOS(E) dE. Considering that the HSE+SOC band gap is 0.32 eV, the excitation energies of two d-d transitions are estimated to be 0.77 and 1.45 eV, well comparable with those (0.65 and 1.22 eV) for the B and C features in RIXS experiment. We note that, although the observed A peak [13] cannot be clearly identified from the calculated DOS, it may be associated with the flat t 2g bands near E F [see Fig. 3(b) ].
In conclusion, our comprehensive DFT calculations with local, semilocal, and hybrid exchange-correlation functionals clarified the effects of tetragonal crystal field, AFM order, and SOC on the t 2g states of CaIrO 3 . We found the large tetragonal crystal field splitting of the t 2g states, resulting in the formations of t D1 2g doublet (with d yz and d zx characters), t D2 2g doublet (with d xy character), and t S1 2g and t S2 2g singlets (with d yz and d zx characters). We also found that the insulating-gap opening is formed by the interplay between an itinerant, long-range AFM order and the SOC. It is thus demonstrated that the magneticinsulating ground state predicted by the HSE+SOC scheme represents a spin-orbit Slater insulator. Our findings are anticipated to stimulate further experimental and theoretical studies for other iridates such as Sr 2 IrO 4 [3] [4] [5] and Na 2 IrO 3 [8] [9] [10] which have been proposed to be a j eff = 1/2 Mott-Hubbard insulator. 
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Spin-polarized d-orbitals projected band structures
To understand the microscopic mechanism for the antiferromagnetic (AFM) spin ordering in CaIrO 3 , we plot the spinpolarized d-orbitals projected band structures obtained using the HSE calculation in Fig. 4S . It is seen that the doubly degenerate (spin-up and spin-down) states are localized at Ir 1 and Ir 2 sites. Since electronic states with the same spin direction can hybridize with each other, the hybridization takes place between the spin-up (or spin-down) states localized at the Ir 1 and Ir 2 sites, yielding not only an energy gain from the exchange kinetic energy but also the formation of hybridization gap (E S1−S2 g ) or the enhanced energy splitting. This so-called superexchange interaction between Ir 4+ spins results in the stabilization of the AFM order along the c axis. 
